The ecological and evolutionary dynamics of populations are shaped by the strategies they use to produce and use resources. However, our understanding of the interplay between the genetic, behavioral, and environmental factors driving these strategies is limited. Here, we report on a Caenorhabditis elegansEscherichia coli (worm-bacteria) experimental system in which the worm-foraging behavior leads to a redistribution of the bacterial food source, resulting in a growth advantage for both organisms, similar to that achieved via farming. We show experimentally and theoretically that the increased resource growth represents a public good that can benefit all other consumers, regardless of whether or not they are producers. Mutant worms that cannot farm bacteria benefit from farming by other worms in direct proportion to the fraction of farmers in the worm population. The farming behavior can therefore be exploited if it is associated with either energetic or survival costs. However, when the individuals compete for resources with their own type, these costs can result in an increased population density. Altogether, our findings reveal a previously unrecognized mechanism of public good production resulting from the foraging behavior of C. elegans, which has important population-level consequences. This powerful system may provide broad insight into explorationexploitation tradeoffs, the resultant ecoevolutionary dynamics, and the underlying genetic and neurobehavioral driving forces of multispecies interactions.
T
he fitness of an organism is affected by its strategies to produce, explore, and exploit resources (1, 2) . These strategies are influenced, in large part, by interdependencies among organisms, such as competition, predation (3, 4) , mutualism (5-7), or the production of public good resources (8) (9) (10) . Despite the wide prevalence of such interactions in nature as well as numerous theoretical and empirical studies, we are still limited in our mechanistic understanding of the interplay between different survival strategies, the resultant evolutionary dynamics and the underlying genetic, neurobehavioral, and ecological driving forces. In this pursuit, model systems in the laboratory have served as a useful bridge between the complexity of nature and the simplifications inherent in theoretical investigations. Such model systems have predominantly been either microbial (11, 12) or higher organisms, such as primates and humans (13) (14) (15) (16) . Microbial systems are very convenient due to their genetic tractability and short generation times but are limited in the space of behavioral traits they exhibit. At the other extreme, higher organisms exhibit rich neurobehavioral and genetic traits, but they are difficult to experimentally manipulate and generation times are very long.
Recently, organisms such as the nematode worm Caenorhabditis elegans and the fruit fly Drosophila melanogaster have been increasingly used in evolutionary and behavioral studies (17) (18) (19) . These organisms demonstrate complex behavior and yet retain experimental tractability due to their extensive development as model systems in neurobiology and genetics. The C. elegans worms, in particular, are amenable to experimental tracking of large populations and multiple generations at high resolution (20) (21) (22) (23) , which has made them one of the most widely used model organisms in behavioral, genetic, and neurobiological studies.
The ecological and evolutionary backgrounds of C. elegans, however, have remained unclear for a long time, and only recently have insights into the organism's natural habitat begun to be uncovered. Contrary to the common perception that it is a soil nematode, C. elegans is primarily a colonizer of microberich habitats including decaying organic matter where resources are finite and are quickly depleted (24, 25) . C. elegans populations are characterized by a rich set of ecological dynamics: (i) a boom and bust population dynamics due to ephemeral resources (26) , self-fertilization (27) , and dauer developmental stages (28); (ii) dispersal and migration by various means (26); (iii) competition (26, 29, 30) ; and even (iv) host-microbe interactions (24, 25, 30, 31) . Such a lifestyle is naturally tied with the
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The population dynamics of species arise from individuallevel inter-and intraspecies interactions, driven by genetic and neurobehavioral factors. However, linking ecological and evolutionary dynamics to underlying mechanisms represents a major challenge, largely due to experimental intractability. Here, we study the population dynamics of a predatorprey system comprising the nematode worm Caenorhabditis elegans and bacteria Escherichia coli. We find that the worms engage in a form of primitive agriculture, driven by their foraging behavior, by redistributing their bacterial food source, which subsequently grows. Our findings have ecoevolutionary consequences that are broadly applicable not only to worm-bacterial dynamics but also for diverse situations such as the spread of epidemics, foraging behavior, seed dispersal, and the organisms' engineering of their habitat. movement patterns of the worms through the complex environments where they dwell. In the laboratory, the foraging strategies of C. elegans, which are a key determinant of their fitness, are influenced both by the distribution and quality of resources (32) and by the presence of competitors (33) , whether they are of the same or different genotypes, a scenario that likely results from local genetic diversity induced by worm movement (25) . Therefore, C. elegans is an ideal model organism to study the interplay between ecology (resource distribution, inter and intraspecies interactions) and behavior (e.g., foraging strategies, public goods production) and to explore the genetic and neural circuits responsible for integrating ecological information. However, the potential for exploring these areas using C. elegans populations remains largely untapped.
Here, we use the C. elegans-bacteria (E. coli) system to study the emergent population dynamics of each species. C. elegans feed on bacteria and persistently forage for new bacterial food sources. Using both experimental and theoretical approaches, we uncover a relationship between foraging and a hitherto unrecognized mechanism of public goods production. This production of public goods leads to a long-term fitness advantage for both the worms and the bacteria, but one that can easily be exploited by nonproducing types.
Results and Discussion
Our experimental setup comprises a homogeneous surface containing nutrients for bacterial (E. coli) growth; C. elegans can dwell and feed on the growing bacteria or they can forage about the surface by crawling, their predominant form of motility. At the start of an experiment, an individual N2 (laboratory "wild type") worm is placed near a circular patch of bacteria growing at the center of a nutrient agar-filled Petri dish. As the experiment progresses, new bacterial colonies appear, both as discrete new patches or as continuous trails leading away from the initial patch (Fig. 1A) . Because the bacterial strain we use is nonmotile, the worm's movement within and outside of the initial patch of bacteria (34, 35) is responsible for redistributing the bacterial resource.
In our experiment, the entire homogeneous agar surface is available for the worms to explore. Worms that have been feeding on fluorescent bacteria reveal two mechanisms for the formation of new bacterial colonies. Bacterial food is propelled through the worm digestive system, and undigested material is excreted (36) . Thus, while locomoting, worms may defecate undigested bacteria as illustrated in Fig. 1B (also see Movie S1), which can eventually grow into larger bacterial colonies. A second and much more prevalent source of bacterial dispersal arises from adhesion of the bacteria to the surface of the worm body. When the worm moves out of a dense bacterial colony, some bacteria hitchhike on the worm's surface and are sloughed off through fluid entrainment as the worm crawls around its arena ( Fig. 1C ; also see Movie S2); these bacteria then also grow into colonies. Redistributed colonies represent a new food resource, which can be revisited and used by the worms (Fig. 1D ). The dynamics are not unique to flat Petri-dish surfaces but also occur in native environments such as rotting fruit ( Fig. 1E ) and 3D porous soil (Fig. 1F ).
Farming of Bacteria by the C. elegans Worms. The bacterial redistribution has consequences for the population dynamics of both ECOLOGY bacteria and worms, which we explore via experiments and mathematical modeling. We first sought to examine how the population dynamics are impacted when we limit the ability of the worms to redistribute bacteria. We take advantage of the genetic tractability of this system by using worms with a mutation in the srf-3 gene, which causes altered body surface properties that reduce surface adhesion by bacteria (37, 38) . The exploratory behavior of srf-3 mutants is comparable to that of the N2 worms (SI Appendix, Fig. S1 ), but they do not cause significant bacterial dispersal ( Fig. 2A) . By dispersing bacteria from a single large patch into several smaller patches, N2 worms decrease the density of the bacterial colonies. Smaller, less dense patches of bacteria grow faster than large, denser patches due to an increased availability of local nutrients on the agar surface (SI Appendix, Fig. S2 ). Thus, bacterial dispersal by N2 worms, but not by the srf-3 mutant, results in an increase in the overall population growth rate of the bacteria (Fig. 2B) . This difference in their ability to disperse their bacterial resource has a significant impact on worm population dynamics; under identical initial conditions, the N2 population grew larger than that of the srf-3 worms ( Fig. 2C ; brood sizes of both worm types are comparable as shown in SI Appendix, Fig. S3 ).
This behavior appears to reflect a type of "bacterial farming," whereby the consumer (worm) benefits from increasing its food resource (bacteria) by facilitating the bacteria's access to a third resource, the agar nutrients. To test this idea, we asked whether increasing the Petri dish size-and thus increasing the local availability of agar nutrients-would increase worm proliferation. Keeping the size of the initial bacterial seed colony constant and with saturated concentrations of bacterial nutrients in the agar (SI Appendix, Fig. S4 ), increasing dish size up to a critical radius of 7.5 cm had little effect on the srf-3 population, while having a dramatic positive effect-more than twofold increase with the available exploration area-on the N2 popula- tion (Fig. 3) . This difference between N2 and srf-3 worms occurs despite the fact that both worm types engage in similar space exploration strategies (SI Appendix, Fig. S1 ). Moreover, upon artificial dispersal of bacteria into multiple patches, both worms are found to exhibit a similar up-regulation of their reproduction in response to the increased food availability (Fig. 3A, Inset) . These results suggest that the N2 behavior seen in Fig. 3 does indeed represent a type of farming. Beyond the critical plate size, although N2 populations remained larger than srf-3 ones, both srf-3 and N2 population sizes decreased with plate size, which may reflect a decreased birth rate associated with long-distance exploration.
Mathematical Model. To understand the farming behavior, we constructed a theoretical model that allowed us to test the proposed farming mechanism but also to explore further scenarios of interest and make testable predictions. To retain the simplicity and versatility of the model, we sacrificed complex and little-understood details related to spatial movement, such as the use of memory, and instead captured the relevant qualitative behavior implicitly via physically and experimentally motivated assumptions. The model consists of age-structured, spatially implicit ordinary differential equations that capture the population dynamics of the worms and the impact of their foraging behaviors on bacterial dynamics (the text in SI Appendix and SI Appendix, Figs. S5-S9). Because the feeding and farming behaviors of the worms affect the area and density of bacteria in ways that cannot be captured by the total number of bacteria alone, we characterize the bacteria via their spatial distribution (captured by area, AB ) and via their density ρ, assumed to be homogeneous but time-dependent. In the absence of worms, both area and density grow logistically. The worm population is age-structured into four stages: eggs, sexually immature, mature, and infertile worms. Eggs hatch at a fixed rate to become immature worms, which then progress through the three stages of their adult life cycle at a rate proportional to the amount of bacteria consumed. As the bacteria get depleted, their density decreases, whereas their area is preserved, an assumption supported visually by experiments ( Fig. 2A) . Worms feed according to a Holling's type II form, F (AB , ρ, R), featuring an encounter rate between worms and bacteria. To capture this behavior in a spatially implicit way we let the encounter rate, ψ(AB , R), be a function of bacterial area and plate radius, R: the more bacteria relative to the size of the plate, the higher the encounter rate:
The parameter c controls how quickly the feeding rate increases in response to increased bacteria, whereas the parameter σ controls how quickly the encounter rate declines with plate size. In reality, the encounter rate between worms and bacteria depends on a range of C. elegans characteristics, including their exploration-exploitation strategies, foraging behavior, and memory. In our simplified model, we propose the phenomenological form above for ψ(AB , R) to capture the experimental observation that the mean feeding/reproductive rate decreases with large plate sizes (Fig. 3) .
Farmers increase the spatial distribution of the bacteria, thus simultaneously decreasing its density. The rate of bacterial spreading is proportional to the amount of free space on the plate, the density of the bacteria, and the encounter rate: Nonfarmers do not spread bacteria and, hence, s = 0. We are able to derive experimentally the majority of our parameters (the text in SI Appendix and SI Appendix, Table S1 ). The only free parameters pertain to the worm spatial feeding behavior (c and σ) and, in the case of the farmer, the spreading behavior, s. Despite its simplicity and low-dimensionality, our model robustly recapitulates qualitatively (with fourfold quantitative difference) the complex population dynamics of the worms and bacteria (Fig. 3, SI Appendix, Figs. S5-S6 , and Movies S3 and S4). A further simplified version of this model that ignores the age structure of the worm population also recapitulates the dynamics qualitatively, showing the robustness of our physically motivated assumptions, but does so at the expense of having more free parameters and a worse quantitative fit (see SI Appendix and Movie S5 for details).
Redistributed Bacteria Is a Potentially Costly Public Good. Despite the inability of srf-3 worms to farm, if a mixed population includes N2 worms that farm and therefore increase the bacterial resource, all worms may be able to take advantage of it. To experimentally test this hypothesis, we competed mixed populations containing both worm types, starting with varying initial ratios of farmer (N2) to nonfarmer (srf-3). We found that both phenotypes equally share the farming-increased resource, and the benefits scale linearly with the proportion of farmers (Fig. 4A ). This result shows that the farming of bacteria by N2 worms is a public good and that on agar plates there is no significant spatial clustering that would cause the public good to be mostly shared with kin. Given the small difference in the benefit gained by the farming and nonfarming populations, this public good appears to be generated with negligible additional metabolic cost to the farmers.
Although we are unable to detect significant fitness costs incurred by N2 farmers compared with the srf-3 nonfarmers, costs associated with public goods production are likely to occur in nature and can strongly impact the evolutionary dynamics of mixed populations of producers and nonproducers. In our system, there are at least two ways in which costs may arise. First, although prolonged exposure to E. coli does not appear to be harmful for the worms, other types of bacteria commonly found in nature are highly pathogenic to the worm (37, 38) . Consequently, bacterial entrainment arising from worm stickiness could increase this pathogenicity, whereas the nonstickiness of the srf-3 worms could confer resistance to pathogenic bacteria (37, 38) . Second, metabolic costs associated with foraging are known to occur and mutants adopting different foraging strategies will necessarily incur different costs.
We use our mathematical model to explore the public good production and the effects of possible costs on the worm population dynamics. If there is no cost to farming, farmers and nonfarmers perform equally well in mixed cultures, consistent with our experimental findings (Fig. 4 A-C) . However, we find significant difference in performance in two competition scenarios: between farmers and nonfarmers when the farmers pay an increased mortality cost due to bacterial pathogenicity (scenario 1) and between two farmers with different foraging behaviors (scenario 2); a more efficient forager that can find bacteria quickly but at a higher cost to its reproduction and a slower forager that incurs a lower reproductive cost. As expected, in scenario 1, we find that farmers that pay a mortality cost are worse off, whereas nonfarmers are better off (Fig. 4D and SI Appendix,  Fig. S10 ). In scenario 2, depending on the magnitude of the cost, better-foraging farmers can perform worse in competition with the poorer foragers (SI Appendix, Figs. S11 and S12). These outcomes may change however in a spatially structured environment where worm movement is limited (e.g., soil), and the public good is mainly available to related individuals (6, 39) . Interestingly, we found that when the composition of the population is homogeneous (i.e., comprising only a single phenotype), farmers that pay a cost either to mortality (Fig. 4E) or to reproduction (SI Appendix, Figs. S10 and S12) reach higher population densities than farmers that pay lower or no cost. This counterintuitive result stems from the fact that increased worm mortality or lowered worm reproduction can reduce the pressure on the bacterial resource and in turn lead to higher worm growth in the long term. Thus, although a cost makes farmers vulnerable to exploitation in mixed cultures, it leads to higher population densities if interactions are clonal, which reinforces the importance of spatially structured environments with limited dispersal in shaping C. elegans behavior.
Conclusions
We have shown that C. elegans worms engage in a primitive form of farming of the bacterial resource that they feed on. The farming is brought about by the redistribution of bacteria Table S1 .
by foraging worms, resulting in an increased amount of bacteria, which can be exploited by nonproducers. This form of public goods production, which may be incidental to the foraging behavior of the worms, is qualitatively different from situations in which the good production is associated only with the explicit metabolic cost of chemical synthesis of the good, a mechanism often at play in microbial systems (6, (8) (9) (10) , which lack complex behaviors. In contrast, the mechanism of public goods production that we describe here could be associated with neurobehavioral traits, such as exploration-exploitation strategies (18, 19, 29, (40) (41) (42) or the use of spatial memory (42, 43) , in addition to potential metabolic costs associated with carrying the bacteria (37, 38) . Moreover, C. elegans also appear to be capable of dispersing Dictyostelium discoideum spores (44), another food source; given that D. discoideum themselves farm bacteria (7), we anticipate a rich set of multitrophic level dynamics and niche partitioning to emerge in multispecies interactions involving the kind of effects that we have uncovered here. More specifically, these previously unobserved effects of worm-foraging behavior are likely to have significant consequences for experimental work involving C. elegans populations; even the most routine aspects of worm maintenance in the laboratory are likely to be affected by these dynamics. The dynamics in our system have a striking similarity to a range of spreading processes in nature such as the dispersal of seeds or the carrying of commensal infectious agents by mobile vectors (14, 45, 46) . Empirical data in these cases are limited, and even when available, the data are observational rather than experimental. Moreover, in processes such as the dispersal of seeds (46) , the benefit to the disperser likely occurs on a much longer time scale compared with the benefit accrued by the dispersed. In contrast, the impact of the bacterial redistribution reported here occurs on a fast time scale, with effects similar to those of farming in other organisms (7, (47) (48) (49) (50) (51) . This characteristic allows for experimental and theoretical investigations into the role of farming in driving and shaping the evolutionary dynamics of foraging. In addition, the microbial populations on which the worms feed are redistributed through the ecological landscape, which affects the composition of microbial communities and their relationships and interactions. Altogether, these effects will shape the local microbial and worm ecologies in ways that significantly affect their dynamics. Although further investigations are needed to determine the impact of such dynamics in the wild, this incidental dropping of "resource seeds" is remarkably similar to the early stages of human agriculture during which "... people who gathered [wheat] grains carried them back to their temporary campsites for processing...some of them inevitably fell on the way to the campsite and were lost. Over time, more and more wheat grew along favorite human trails and near campsites" (52) .
Materials and Methods
C. elegans Strains and Culture. N2 Bristol (laboratory wild type) and AT10 (srf-3 (yj10)) (mutant type) were obtained from the Caenorhabditis Genetics Center (CGC) and maintained on standard nematode growth medium (NGM) plates supplemented with ampicillin and seeded with OP50-GFP E. coli (GFP plasmid pFVP25.1 with ampicillin resistance) also obtained from the CGC. For competition experiments, CPB089 (Pdao5:dao5:GFP), with the same brood size as N2 worms, generated in house by CRISPR technology, was used as a substitute. For all experiments, 20 µL of bacteria at OD 600 = 2.0 per worm were seeded on NGM plates of the appropriate size. Worms were age-synchronized by bleaching and individual larval stage 4 (L4) worms were placed onto dishes of the appropriate size. Brood size was quantified by counting the number of embryos laid in 24-h intervals by age-synchronized worms on standard NGM plates, at which time worms were moved to a fresh dish. OD 600 shown in Fig. 2 was measured using a NanoDrop (ThermoScientific) by washing each plate with the same volume of M9 buffer.
Imaging. To image entire Petri dish surfaces such as in Fig. 1A , we used a desktop flatbed scanner (Epson V700) custom-fitted with a blue light LED strip to excite fluorescence emission in the OP50-GFP E. coli and a corresponding photographic emission filter (Kodak) to record the image.
Flow Cytometry. Individual plates were carefully washed with M9 buffer and inspected to collect all worms. Worm samples were washed to remove bacteria and then transferred to a Complex Object Parametric Analyzer and Sorter Biosort (Union Biometrica) sample cup at a dilution of approximately one nematode per microliter in M9 buffer. To distinguish N2 and mutant worms, fluorescent gates were determined by running fluorescent worms and nonfluorescent worms separately. All data are shown as means F0B1 SEM.
